In recent years, pulsed laser ablation in liquids (PLAL) has emerged as a new green chemistry method to produce different types of nanoparticles (NPs). It does not require the use of reducing or stabilizing agents, therefore enabling the synthesis of NPs with highly-pure surfaces. In this study, pure Au NPs were produced by PLAL in aqueous solutions, sterically stabilized using minimal PEG excess, and functionalized with manganese chelates to produce a dual CT/MRI contrast agent. The small hydrodynamic size (36.5 nm), 
Introduction
Research on biomedical applications of gold nanoparticles (Au NPs) has increased significantly in the last decade. Several formulations are now in clinical trials for therapy of resistant tumors in the head and neck, while others are used in biomedical technologies and pre-clinical studies. 1 In the latter context, Au
NPs have emerged as a viable alternative to iodine-based contrast agents (CAs) for computed tomography (CT) in animal research, and clinical applications of these products are currently under consideration. Au NPs are advantageous for this application since (i) Au atoms have a high atomic number (Z = 79), and their very high electron density strongly interacts with impinging X-ray photons; (ii) Au NPs are biocompatible and chemically stable in biological media; (iii) the size, shape and surface properties of the Au NPs lend themselves to versatile modifications. [2] [3] [4] Therefore, when adequately covered with biocompatible antifouling materials, Au NPs show long blood retention times, minimizing the need for repeated contrast injections. Numerous examples of the performance of Au NPs as CT CAs are available in the literature. For example, Nebuloni et al. compared different pre-clinical (e.g. blood pool) CAs as well as a clinically-approved, iodine-based CA and concluded that Au NPs (i.e. Aurovistt -15 nm) provided the highest contrast resolution for the visualization of vasculature, using the lowest injected volume and one of the lowest molar concentrations of attenuating metal elements. 5 Au NPs are also a versatile tool to study tumor vascular permeability (e.g. in anti-angiogenic therapies), 6 and have been advantageously used to measure the lumen diameter of the main blood vessels (e.g. carotid arteries) in micro-CT images.
tissue contrast resolution, a limited capacity to perform functional studies, and uses ionizing radiation for image acquisition. 8, 9 On the other hand, MRI is free of ionizing radiation, which represents a significant advantage in the frequent follow-up of recurrent diseases. Also, MRI CAs based on paramagnetic elements such as Gd 3+ and Mn 2+ are detected at the sub-millimolar level (i.e. more than one level of magnitude lower than Au-based CT CAs). 10 Finally, MRI is much more efficient than CT for the imaging of pathological soft tissues with subtle density differences (e.g. prostate tumors and breast tumors). 11, 12 Dual CT/MRI nanoparticulate CAs could find promising applications as brachytherapy sources for prostate and breast cancer, for radiosensitizing applications, as well as in radiotherapeutic planning by imaging (CT/MRI). [13] [14] [15] However, to reach the detection thresholds of CT, large amounts of Au NPs must be injected into the blood and the particles must be very small to facilitate renal excretion. As a result of their small diameter, the total surface area developed by these Au NPs remains large, and scant traces of contamination or residual chemical from the synthesis step may lead to toxicity effects not necessarily associated with the Au NPs core. Accordingly, it would be highly desirable to synthesize Au NPs whose surface are ligand-free.
The preparation of Au NPs with a bare surface is also important for their stabilization in biological media and for the development of a multimodal CA. Indeed, one of the most critical steps in preparing Au NPs with long blood retention times for CT applications is the grafting of biocompatible molecules at the particle surface. Polyethylene glycol (PEG) features prominently among the biocompatible molecules used to create steric repulsion between particles, while minimizing agglomeration in biological media. [16] [17] [18] This class of polymers is also well-known for its capacity to prevent protein adsorption at the surface of NPs, and it is therefore widely used to stabilize Au NPs in biological media. 2, 19 PEG is most often grafted at the Au NPs surface by using thiol-containing (-SH) heterobifunctional molecules. 2, 16, 17 Thiols are well-known to bind strongly to Au. 20 Strong, dense and lasting PEG grafting at the Au NP surface is a major requirement for vascular CT studies. However, the interaction of the thiol group of PEG to the Au surface can be affected by the presence of chemicals at the surface of NPs prepared by most common methods. For instance, the Turkevich method, the most widely-used Au NP synthesis route, is based on the reduction of Au 3+ ions by citrate molecules in hot aqueous solutions. 2 The resulting Au NPs appear to be coated with citrate and acetoacetate molecules as well as chloride anions. These molecules are strongly adsorbed on the Au NPs surface due to stabilization through intermolecular interactions, such as hydrogen bonding between carboxylic groups of nearby citrate molecules. 21 Citratecoated Au NPs are not particularly stable in biological medium, as decreasing citrate concentrations in the fluid environment may lead to the detachment of these stabilizing ligands; moreover, citrate-coated NPs are strongly negatively charged, which triggers the adhesion of proteins and results in rapid opsonization of the injected NPs. Thereby, citrate molecules at the surface of Au NPs must be ligand-exchanged by PEG to provide steric stabilization.
2,22
Synthesis of Au NPs in polyol solvents have also been developed, but the use of organic solvents and extensive washing steps to remove excess reactants and by-products limit the efficient and rapid grafting of PEG. 2, 23 In addition, several reviews have been written on the toxicity effects of Au NPs, [24] [25] [26] and each one of these mention the impact of residual chemicals on the cytotoxic effects caused by Au NPs. Among the different reducing agents and additives that are used to generate Au NPs of either fine or narrow size distributions, figures cetyltrimethylammonium bromide (CTAB). CTAB is increasingly being used in Au NP's synthesis, as it facilitates the development of single or multistep syntheses of narrow particle size distributions of various size and shapes. Unfortunately, a contaminant such as CTAB is considerably toxic to cells, even at low doses. For instance, Alkilany et al. have shown that CTAB, induces strong cytotoxicity when it detaches from the NP surface. 27 Connor et al. also studied the toxicity of 18 nm Au NPs to K562 cells. CTAB-coated Au NPs were already toxic at 0.05 mM. Clearly, in this case the toxicity of the conjugate results entirely from the presence of CTAB on the particle surface, which must be removed before presentation to cells. 28 Niidome et al. used Au nanorods obtained with a protocol of synthesis induced by CTAB-coated seed in a CTAB-containing growth solution. They demonstrated that CTAB-coated rods were highly cytotoxic on HeLa cells, at a concentration as low as 0.05 mM (80% of dead cells). However, when CTAB was replaced with PEG-SH, the authors observed 95% of viable cells, with the nanorod concentration being 0.5 mM. 29 In summary, the available data permit us to draw the justified conclusion that Au NPs as clean as possible must be used prior to PEGylation, in order to limit as much as possible chemical interferences with cells. Overall, the efficient grafting of PEG on the Au NPs prepared by either methods requires the elimination of most chemical contaminants at their surfaces, but this is very difficult to achieve with centrifugation, dialyses, and other NP purification procedures. 21, 30 Also, each centrifugation or dialysis step presents a significant risk of losing large fractions of the stabilized Au NPs through agglomeration or adherence to the vials. Developing ligand-free and well-controlled synthesis techniques to produce ultra-small Au NPs would provide more efficient PEG grafting procedures as well as remove the residual presence of toxic reducing agents from NPs to be used as CT contrast media, which can be injected at concentrations that range from 0.01 to 2.7 g kg À1 depending on the application. 31, 32 Given the high dosage of NPs needed to produce significant contrast-enhancement levels in CT, it is necessary to develop CT CAs whose chemical compositions are as simple as possible and contain a minimal presence of molecules that might affect the protein corona and introduce pharmacokinetic variability.
Overall, Au NPs synthesized by PLAL could improve the biocompatibility of nanomaterials for biomedical applications, as well as eliminate tedious ligand exchange and solvent purification steps. In this study, we explored the potential of Au NPs synthesized by PLAL to be used as a CA for dual imaging by CT and MRI. The bare Au NP surfaces allow for very efficient PEG grafting per unit surface of Au NPs. The particles are covered with PEG to achieve colloidal stability in biological fluids and to prevent protein adsorption. In order to enhance MRI contrast, the PEG-stabilized Au NPs were further functionalized with manganese-chelates, then characterized for CT and MRI contrast properties both in vitro and in vivo. Therefore, the method developed was suitable to produce a NP-based CA appropriate for dual imaging by CT/MRI, using a simple and aqueous based procedure, which presents a significant advantage compared with previously reported methods for the synthesis of ''positive'' MRI/CT CAs.
Results
In this study, we synthesized small Au NPs by PLAL in NaOHsupplemented water (Scheme 1A) without the use of stabilizing ligands typical of Au NP colloidal synthesis. NP functionalization was performed in three steps. First, pure Au NPs were modified with PEG-SH (Scheme 1B) to obtain a colloid that is sterically stabilized and consequently more resistant to changes in the solution's ionic strength. 37 Second, Au NPs@PEG reacted with DMSA-DTPA (Scheme 1C). Finally, the excess of DTPA-DMSA was removed and Mn 2+ was added for chelation by the DTPA grafted on the NPs (Scheme 1D).
Characterization of Au NPs@PEG-Mn

2+
The molecular changes resulting from each of the functionalization steps (Scheme 1) were investigated by FTIR and XPS analysis.
FTIR spectra (Fig. 1) showed that, after drying, pure Au NPs are in contact with molecules bearing carbonyl (at 1668 and 1741 cm , which may be attributed to the coordination of metal ions. 40 In this case, it indicated that Mn 2+ was chelated by DTPA carboxylate groups. High resolution XPS spectra of O 1s for Au NPs showed peaks related to the presence of hydroxyl and of carbonyl groups ( Fig. 2 ; Au NPs -O 1s peak). These results are consistent with the data from the HR spectra of C 1s ( Fig. 2 ; Au NPs -C 1s peak) which again revealed peaks ascribed to carbonyl, carboxylate and carbonate (most probable sodium carbonate) functional molecules. 41, 42 After functionalizing the Au NPs with PEG-SH, the peaks related with the presence of hydroxyl and carbonyl groups disappeared in the HR spectra of O 1s and only one peak associated to oxygen in C-O-C bonds was observed ( Fig. 2 ; Au NPs@PEG peaks). Similar results were demonstrated in the C 1s HR spectra, where the peak related with carbonate groups was absent, and the main carbon peak was attributed to C-O-C bonds, thus indicating the presence of PEG molecules. 42 The C-O-C/ O-CQO ratio, 17.4 (Table 1 , relative elemental concentration of C 1s chemical bonds), indicated a large excess of PEG molecules compared to molecules containing carboxyl groups. At this point in the functionalization process, it was not possible to observe the presence of N or S in the survey (data not shown), due to the low percentage of these atoms on the Au NPs (e.g. there is only one N or S atom for each of the 224 C atoms). After the addition of DMSA-DTPA, the C-O-C/(O-CQO and OQC-N) ratio decreased to 4.3 (Table 1 and Fig. 2 , Au NPs@PEG-DMSA-DTPA), reflecting a stronger presence of molecules containing carboxyl groups and N atoms (i.e. DMSA and DTPA).
In addition, a peak related to the presence of OQC-N bonds appeared in the spectrum of O 1s. In the survey spectrum (not shown), N and S peaks were visible, in agreement with the addition of DTPA (e.g. contains 5 N atoms -Scheme 1) and DMSA (e.g. contains 2 S atoms -Scheme 1). Following the dialysis step and complexation of DTPA with Mn 2+ ( Fig. 2 ; Au NPs@PEG-Mn 2+ ), similar HR spectra were recorded for C 1s
and O 1s. A slight increase in the C-O-C/(O-CQO and OQC-N) ratio was noted (to 5.9), reflecting the elimination of excess DMSA-DTPA while confirming the strong presence of both PEG and DMSA-DTPA at the Au NPs' surface. As-synthesized Au NPs were assessed for size and polydispersity using UV-vis absorption spectroscopy (Fig. 3A) , DLS ( Fig. 3B) and TEM (Fig. 4A) . UV-vis absorption spectroscopy demonstrated a surface plasmon resonance (SPR) peak at 514 nm, which suggested the Au NPs were smaller than 10 nm. 43, 44 Moreover, absorption in the near infrared region of the spectrum (800 nm) was minimal, indicating that few aggregates or large-sized particles were present. 45 The inset of Fig. 3A evidenced a red shift limited to 2-3 nm after each modification (i.e. addition of PEG, followed by DMSA-DTPA and Mn
). The shift in the SPR band is related to changes in the dielectric constant close to the Au NPs' surface. 46 This observation indicated that the molecular composition at the Au NPs' surface changed with each step.
Dynamic light scattering measurements of Au NPs showed a bimodal size distribution centered at ca. 17.5 and 350 nm. This indicated that there were some aggregates or agglomerates. However, as DLS is highly sensitive to large particles (the scattering power being proportional to d 6 , d being the diameter of the particle), only minute amounts of large aggregates or agglomerates can be responsible for the shape of the DLS curve. Indeed, the hydrodynamic diameter (HD) of Au NPs measured by DLS was 17.5 nm and 9.1 nm using intensity and numberweighting, respectively (PdI = 0.3; polydispersity index values are provided in the ESI, † Table S1 ). This last value agreed with the 8 nm average diameter obtained by TEM (Fig. 4A ). The presence of PEG (Fig. 3B and Table S1 , ESI †) increased the HD of the Au NPs to 40.9 nm. Addition of DMSA-DTPA and Mn 2+ led to a slight decrease in HD (34.1 and 36.5 nm, respectively). The major increase in HD was related to the size of the PEG chains grafted onto the surface of the Au NPs (e.g. 17.5 nm for Au NPs to 40.9 nm for Au NPs@PEG). 47 This size difference (i.e. 23.4 nm) suggested a PEG layer with a thickness of approximately 11.7 nm. According to G. Zhang et al., who coated 20 nm Au NPs with 5 kDa PEG-SH, the polymeric layer showed a thickness of 13.8 nm, which is similar to the results obtained in this study. 47 The Au NPs@PEG-Mn 2+ were also visualized by TEM ( Fig. 4B ) and showed Au cores of 7.2 AE 2.1 nm without significant evidence of aggregation. Furthermore, it was observed that before the addition of PEG, the pure Au NPs aggregated after drying on the TEM grid (Fig. 4A) . However, the same phenomenon was not observed for Au NPs@PEG-Mn 2+ , as the particles remained evenly spaced after drying (Fig. 4B ), in accordance with the presence of PEG molecules surrounding the NPs. The random coil model for a 5 kDa PEG-SH molecule estimates an end-to-end length of View Article Online approximately 8 nm. 48 The average distance between the Au NPs observed by TEM was 8.6 nm (n = 108), which was in agreement with the expected length for the PEG 5 kDa molecule. In addition, this observation suggested that the PEG chains located on different Au NPs intercalated into each other during the drying procedure. The net charge of NPs is a significant characteristic for CT CAs, as it not only influences the colloidal stability, but also the biodistribution and uptake by the cells. 49 The zetapotential of Au
NPs, Au NPs@PEG, Au NPs@DMSA-DTPA and Au NPs@PEG-Mn
were measured ( Table 2) . As expected, Au NPs at pH 10 have an average zetapotential of À28.5 mV, which explained the long-term shelf-storage colloidal stability of these NPs. PEG grafting onto the Au NPs' surface (i.e. Au NPs@PEG) led to a positively-charged NP surface in deionized water (22.3 mV), in agreement with the presence of amine moieties. Following addition of DMSA-DTPA, a change in surface charge was observed as the zetapotential became slightly negative (À3.9 AE 1.8 mV). This was caused by the negative charge of deprotonated carboxyl groups present in the DMSA-DTPA molecules. On the other hand, the complexation with Mn 2+ raised again the zetapotential to positive values (5.8 AE 0.1 mV).
Colloidal stability studies
The colloidal stability of Au NPs@PEG-Mn 2+ was measured up to seven days in de-ionized water and 154 mM of NaCl, as well as up to three days in complete cell medium. The Au NPs@PEG-Mn 2+ dispersed in de-ionized water did not show any change in HD over seven days (Fig. 5A ).
The HD of the sample dispersed in saline remain unchanged during three days. However at seven days a minute presence (B1%) of agglomerates was observed in intensity-weighted DLS Table 1 Binding energies, relative and total elemental concentration of the spectral components fitted in C 1s and O 1s high-resolution XPS spectra of Au NPs at different phases of the functionalization process measurements (Fig. 5B) . When the Au NPs@PEG-Mn 2+ were dispersed in cell medium, the HD of the majority of the NPs was slightly higher (35.9 nm) than the one observed in the sample dispersed in de-ionized water (32.8 nm) and saline solution (31.6 nm). Suspension of Au NPs@PEG-Mn 2+ in cell medium also induced the formation of a small percentage (B5%) of agglomerates (peak at B700 nm in intensity-weighted DLS measurements). Nevertheless, the size and polydispersity of this colloid were constant for three days (Fig. 5C ). The formation of minute amount of agglomerates could be due to a small fraction of Au NP surfaces that are not completely covered by PEG that could lead to aggregation in the presence of a strongly ionic solution and/or the presence of large quantities of proteins in complete cell culture medium that can induce the agglomeration of Au NPs due to adsorption and/or crosslinking between particles.
Cell toxicity of Au NPs@PEG and Au NPs@PEG-Mn
2+
The effect of Au NPs@PEG and Au NPs@PEG-Mn 2+ on the viability of PC3 cells was measured by the resazurin assay (mitochondrial function). 50 To do so, long incubation times (48 hours and 72 hours) were used to place the cells in contact with highly-concentrated NPs suspensions. After 48 h of incubation with the Au NPs@PEG-Mn 2+ , the viability of PC3 cells remained unaffected up to 0.77 mM Au. However, a strong inflexion of the cell viability was observed (Fig. 6A) at concentrations above 1.75 mM and for both 48 hours and 72 hours of incubation time.
A comparative study was performed with Au NP@PEG, which demonstrated the cells' very high tolerance for PEG-stabilized Au NPs (up to 7 mM Au, Fig. 6B ), even at strongly positive surface charges ( 
In vitro CT and MRI contrast potential assays
The Au NPs@PEG-Mn 2+ solutions imaged with CT showed a linear increase in contrast compared with water, from 10.0 to 66.4 mM Au (Fig. 7A ). Solutions imaged by 1.0 T MRI produced a clear contrast enhancement in the 0.2-1.5 mM Mn 2+ concentration range (Fig. 7A ).
The same solutions were measured in proton NMR to assess the impact of Mn 2+ on the T 1 and T 2 relaxation times of water. The slope of the linear regression line (Fig. S1 , ESI †) provides the relaxivity values (r 1 and r 2 ), which are used for in vitro comparison of the performance of different MRI CAs. In short, to induce strong ''positive'' contrast enhancement, the required relaxivities would consist of high r 1 with r 2 as low as possible, although always higher than r 1 . Solutions of Au NPs@PEG-Mn 2+ had a longitudinal relaxivity (r 1 ) of 4.8 mM À1 s À1 and a relaxometric ratio (r 2 /r 1 ) of 3.6 which point to a strong ''positive'' CA for a Mn 2+ -based product.
In vivo CT and MRI contrast-enhancement assay in the CAM tumor model
The dual MRI/CT contrast properties of Au NPs@PEG-Mn 2+ were assessed in the CAM tumor model (intratumoral injections) (Fig. 7B) . A clear CT contrast was observed in the injection sites at t = 2 hours and t = 20 hours. The latter result suggested a slight diffusion of Au NPs away from the main injection site. Injections were also accessed using MRI (at t = 10 min and 18 hours). The strong signalenhancement at t = 10 min faded out at 18 hours; the signal decrease at t = 18 hours (MRI) appears to co-register with the signs of diffusion/concentration dilution of Au NPs@PEG-Mn a clear contrast enhancement in the heart and major blood vessels up to 90 minutes after the injection (Fig. 8A ). Other tissues, such as the kidney, liver and spleen parenchyma showed a lower but still significant contrast enhancement. This contrast enhancement reached stability after 15 min and did not increase further, notably in the liver and spleen. This is an indication of NP blood retention. The image contrast obtained in the various monitored tissues and vessels was relatively constant throughout the study (Fig. 8B) . The mice did not show any adverse reaction to the injection of Au NPs@PEG-Mn 2+ during the experiment. A comparative assessment was performed with commercial CA Aurovist TM , which showed a similar blood retention profile (Fig. S2, ESI †) .
Discussion
PLAL-synthesized Au NPs formed a stable colloid with a narrow size distribution and were efficiently grafted with PEG-SH. The 21, 54 Given the small size of Au NPs for CT contrast media applications (o15 nm), concerns were raised relating to the potential impacts of traces of initial stabilizers on cell activity and cytotoxicity. 55 In addition, such traces are likely to have also an impact in biodistribution during in vivo studies, as NPs' surface properties are known to dictate their fate due to the protein corona formed. 34, 49 For the above reasons, PLAL is a clearly advantageous method for the production of Au NPs for biomedical applications. In this study, stable Au NPs with a relatively small size (o10 nm) and narrow size distribution were obtained by adding a limited amount of NaOH in the ablation solution. PLAL-synthesized Au NPs are electrostatically stabilized by Au-OH and Au-O À species formed during the ablation. 45, 56, 57 The alkaline medium favors the deprotonation of the Au-OH species, which maximizes the amount of Au-O À groups on the Au NPs' surface. Consequently, the electrostatic repulsion between the particles increases, which minimizes nuclei coalescence during the growth of the NPs and results in a lower size distribution as well as improved long-term stability. 56, 58 Following synthesis, the Au colloids were centrifuged to eliminate most of the target fragments and large NPs that were inevitably formed due to the mechanisms involved in the formation of NPs synthesized by PLAL. 57 In this study, the PEG molecular weight used was 5 kDa as it offered the best compromise between a final HD that promotes an extended blood half-life, and a viscosity suitable for in vivo administration of Au concentrations on the order of tens of mg mL À1 . 37, 59 The PEG molecules also have a terminal amine function, so that modification with targeting ligands could be performed in later studies. The functionalization of the Au NPs surface with PEG was performed in alkaline medium to maintain electrostatic repulsion among Au NPs, and the incubation was left to continue overnight to maximize the packaging and ordering of the PEG molecules at the surface of Au NPs. 60 Considering that the average footprint of thiolated PEG 5kDa in an 8 nm AuNP is approximately 0.4 nm 2 , 30,46,48 it was calculated that each Au NP has approximately 500 binding sites. Thus, the PEG molecules were added with double the excess. This amount was at least 1.8 times lower than the ligands excess reported in the literature. In fact, most studies perform ligand exchange with citrate-stabilized Au NPs using 8 to 40 times excess of ligands. 30, 47, 61, 62 In this study, it was observed that a 1 : 500 ratio (AuNP : PEG molecules) was sufficient to stabilize the Au NPs, and a HD of 37.9 nm was obtained (data not shown). In addition, by using a 1 : 1000 ratio, it was possible to reach HD values in the order of 40.9 nm. Thus, while the 1 : 500 ratio induced approximately two times increase of the HD compared to as-synthesized Au NPs, the 1 : 1000 ratio created only a minor further increase (B8%) of the HD. This means that the surface of the Au NPs is almost saturated with PEG molecules when using the 1 : 500 ratio. Therefore, with Au NPs produced by PLAL, it is possible to form a PEG monolayer by incubating the NPs with equimolar or a slightly higher excess of ligands. This observation agrees with previous studies, which reported that laser-synthesized Au NPs demonstrated higher surface coverage of thiolated aptamers compared with Au NPs functionalized with other nucleic acids through ligand exchange. 36 The purity of Au NPs surfaces was assessed with FTIR and XPS. Carbonyl and carboxylate groups were identified at the surface of pure Au NPs. A previous study has also revealed the presence of these groups on PLAL-synthesized Au NPs. The authors suggested that these molecules originate in the atmospheric CO 2 dissolved in water or may be formed when exposing Au NPs to air, after drying the sample for analysis. 56 Our studies confirmed that the presence of these functional groups does not impede the efficient and strong functionalization of Au NP surfaces with PEG-SH molecules. In fact, Kim et al. synthesized Au NPs via citrate reduction and coated them with 5 kDa PEG-SH. XPS analysis of these PEGylated Au NPs evidenced a C-O-C/O-CQO ratio of 5.7. 16 In contrast, the same ratio for the PEGylated Au NPs described in this work is 17. A higher C-O-C/ O-CQO suggested that the relative ratio of PEG is higher in the 
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Au NPs produced by PLAL, which is in agreement with the presence of a ligand-free surface which facilitates the grafting of PEG molecules even using only a slight excess of these molecules.
Neither the Au NPs@PEG-Mn 2+ dispersed in de-ionized water, nor that dispersed in saline, showed any change in HD ( Fig. 5A and B) . Therefore, the Au NPs@PEG-Mn 2+ may be kept at room temperature in the saline medium necessary for the injection during three days without risk of flocculation or precipitation. Also, the small amount of agglomerates present in the saline solution after seven days do not compromise the application of Au NPs@PEG-Mn 2+ as an intravenous CA, as they can be easily removed by centrifugation before injection of the colloid. On the other hand, the formation of protein corona and subsequent consequences observed when the Au NPs@PEG-Mn 2+ are dispersed in complete cell medium are a well-known limitation, and research has been on-going to circumvent this phenomenon. 63 Nevertheless, in the present work, the percentage of these aggregates was rather low (only detectable in intensity-weighted DLS measurements due to the very high light scattering power of the larger particles). In addition, the size these agglomerates is not large enough to cause vascular occlusion, hence Au NPs@PEG-Mn 2+ are safe for vascular injection. 64 The toxicity assays for this study were performed using long incubation times (e.g. 48 hours and 72 hours) and high concentrations of Au. This is a conservative strategy that is very challenging for cells and places clear emphasis on possible toxicity risks. This approach was necessary at this step, as several types of cells may be in contact with Au NPs for prolonged periods of time. In fact, blood half-lives of 11 to 30 hours may be achieved with PEG-coated Au NPs. 17, 37 Consequently, the endothelial cells in contact with circulating Au NPs are expected to remain in contact with high particle concentrations, although not for more than 24-48 hours. , Au/Mn = 44). In the CAM studies, injection sites could be clearly visualized by both imaging modalities. CT enabled a more accurate follow-up of Au NPs@PEG-Mn 2+ diffusion than did MRI. This effect was probably related to the fact that the diffusion of the NPs within the tumor matrix decreased the local concentration of Mn-chelates below MRI detection thresholds. On the contrary, the low attenuation of X-ray photons by soft tissues, and the very strong attenuation potential of Au at 40 kVp facilitated the visualization of Au NPs@PEG-Mn 2+ . Finally, the dynamic contrast-enhanced studies performed in the mouse model demonstrated a steady contrast enhancement in the bloodstream, liver and spleen for time-windows characteristic of angiographic procedures (e.g. 90 minutes). No evidence of NP agglomeration or of liver/spleen uptake (except for the blood concentration in these organs) was found. These long blood retention times without evidence of opsonization of the NPs by the mononuclear phagocyte system (i.e. liver and spleen uptake) 49 confirmed the quality of PEG grafting at the surface of PLAL-synthesized Au NPs. The biodistribution profiles of Au NPs@PEG-Mn 2+ were similar to those obtained with commercial Au NPs CT agents (Aurovistt), and to others observed in studies using PEGylated Au NPs for blood pool imaging with CT. 16, 17 4. Experimental
Synthesis of gold nanoparticles
Pure Au NPs were synthesized by PLAL using a pre-established methodology. 56, 58 A high-purity gold target (99.99%, Allgemeine
Gold und Silberscheideanstalt AG, Pforzheim) was fixed inside a self-constructed batch ablation chamber. 77 The chamber was filled with 30 mL of 3.3 mM NaOH (0.1 M solution VWR, Germany) (pH 11.1) dissolved in de-ionized water (Milli-Q water).
The ablation was performed with a Rofin PowerLine E20 ns laser (8 ns pulse width) with a wavelength of 1064 nm. The laser beam was directed horizontally at the surface of the metal target by a laser scanner (SCANcube s 10, SCANLAB AG, Munich, Germany) and focused with a lens at a focal length of 100 mm. The laser beam passed through a 3 mm-thick liquid layer before striking the target for five minutes, while describing a spiral scanning pattern (6 mm external diameter). Prior to passing through the scan head, the laser's energy output was 367 mJ per pulse and the repetition rate was 15 kHz. After laser ablation, the Au NPs colloidal suspension was centrifuged (4400g for 20 min) and stored at 4 1C between the time of synthesis and the functionalization.
PEG functionalization of Au NPs synthesized by PLAL
The particles were sterically stabilized with thiolated polyethylene glycol (NH 2 -PEG-SH, MW 5000 Da, Laysan BIO, Arab, AL, USA). First, the concentration of Au NPs was estimated using UV-visible spectroscopy, assuming that all NPs are spheres of 8 nm (methodology details described in Section 4.4). PEG was dissolved in de-ionized water (18.2 MO cm, Barnstead ultrapure system) at 2.1 mM and added to the Au NPs (20 mL, 2.5-3.4 Â 10 13 NPs mL
À1
) at a molecular ratio of 1 : 1000 (AuNP : PEG molecules). This mixture was vortexed for 30 seconds and gently agitated overnight at room temperature (RT). Next, the particles were concentrated using centrifuge filtration at a centrifugal force of 550g (Amicon Ultra -15 centrifugal filters, 30K NMWL, Millipore, Fisher Scientific, CA), up to 9.7 Â 10 13 -1.2 Â 10 14 NPs mL
, and dialyzed for six hours in de-ionized water (10 kDa membrane, Spectra/Por 6 dialysis tubing, Rancho Dominguez, CA, USA) to remove the remaining excess PEG and NaOH. The water was changed twice and the sample-to-dialysis water volume ratio was kept at 1 : 150. PEG-grafted Au NPs (Au NPs@PEG) were stored overnight at 4 1C. 
UV-visible spectroscopy
UV-visible spectroscopy was used to estimate Au concentration throughout all experimental procedures. This concentration was calculated based on the absorption at 380 nm, which is mainly influenced by the inter-band transition of Au atoms; 78 these calculations were made using a correlation curve obtained with commercially available Au NPs (reactant-free 15 nm Au NPs, Cytodiagnostics, Sigma-Aldrich, Oakville, ON, CA). Moreover, UV-visible spectroscopy allowed for rapidly assessing the stability of the Au NPs after each functionalization step by monitoring the red shift of the SPR band as well as the level of aggregation detectable by the scattering of agglomerates and large particles in the near infrared region. For all measurements, pure Au NPs were diluted in 3.3 mM NaOH, while functionalized Au NPs (i.e. Au NPs@PEG, Au NPs@DMSA-DTPA and Au NPs@PEG-Mn 2+ ) were diluted in de-ionized water, to ensure the maximum absorption at the SPR band was equal to or less than 1. For measurement purposes, the Au NPs solutions were dispensed into a quartz cell and the absorption spectra acquired with a UV-1600 spectrophotometer (Shimadzu, Kyoto, Japan) from 200 to 800 nm.
Attenuated total reflectance Fourier transform infrared spectroscopy (A TR-FTIR)
The colloids (30 mL) were drop-cast on a Si crystal and dried under vacuum in an oven at 40 1C. The spectra were acquired with an ATR-FTIR (Agilent Cary 660 FTIR, Agilent Technologies, USA), equipped with a deuterated L-alanine-doped triglycine sulfate (DLa-TGS) detector, a germanium-coated KBr beam splitter, and a DTGS/KBr detector. The data was obtained in absorbance mode and 64 scans were recorded with a spectral resolution of 4 cm À1 .
X-ray photoelectron spectroscopy (XPS)
Si wafers (Cemat Silicon S.A., Poland) were cleaned first by TL2 were deposited on these Si substrates (4 Â 15 mL = 60 mL) and dried under vacuum at 40 1C. XPS analysis were performed with a non-monochromatic aluminum X-ray source for survey spectra (0-1400 eV; PHI 5600-ci spectrometer, Physical Electronics U.S.A., Eden Prairies, MN, USA). The highresolution (HR) spectra of C 1s and O 1s were acquired with a non-monochromatic magnesium X-ray source (1253.6 eV). The analysis was performed on a spot size of 0.005 cm 2 and the photoelectrons were detected at 451 relative to the surface normal (no charge neutralization applied). All HR spectra were corrected so that the peak corresponding to the adventitious C 1s had a binding energy of 285.0 eV. The HR spectra were analyzed with CasaXPS software (version 2.3.16 PR 1.6, 1999-2011 Casa Software Ltd). A Shirley-type background and Gaussian-Lorentz functions were used. A 70% Gaussian -30% Lorentz ratio was employed for C 1s and O 1s. The full width at half-maximum was kept constant for all peaks fitted in the HR spectrum of each element. The best quality fitting was achieved by obtaining a residual standard deviation close to the unit.
Dynamic light scattering (DLS) and zetapotential measurements
The hydrodynamic diameter (HD) of the Au NPs was measured at the end of each functionalization step to assess the colloidal stability in different solutions. All measurements were performed at 25 1C by DLS using a Nano S Zetasizer system (Malvern Instruments, Worcestershire, UK) including a HeNe laser with a wavelength of 633 nm, and the scattered light detection was performed at 1731. Each measured sample had a NP concentration in the order of 100 to 150 mg mL À1 of Au as assessed by UV-visible absorption spectroscopy. Water was selected as the dispersant for all samples, therefore the viscosity and refractive index were 0.8872 cP and 1.33, respectively; the refractive index for Au NPs was 0.408 and the absorption was 3.32. The HD was calculated from the average of three measurements and the polydispersity index (PdI) was calculated using the Malvern Zetasizer software (version 7.11). All results met the quality criteria of Malvern Zetasizer software. solution was administrated by removing up to 10 mL from the 100 mL cell medium in the well. This volume of cell medium was replaced by an equivalent volume of NPs suspension. Untreated cells and cells incubated with 10% (10 mL) of de-ionized water were used as controls. The cells were left in incubation for 48 and 72 hours, followed by removal of the cell medium (100 mL), and two cycles of gentle rinsing (200 mL of PBS (1Â), Gibco, NY, USA). Then, 100 mL of complete RPMI 1640 medium containing resazurin (25 mg mL À1 ) were added to each well and incubated with the cells for three hours. The fluorescence measurements were performed with a Bio-Tek The performance of Au NPs as high blood-retention CT CAs was assessed in the mouse model. Au NPs@PEG-Mn 2+ were synthesized according to the previously-described protocol, except purification was done by centrifugal filters instead of dialysis. In brief, 20 mL aliquots of pure Au NPs, and 10 mL aliquots of Au NPs@DMSA-DTPA and Au NPs@PEG-Mn
2+
were concentrated down to 5 mL each, followed by three wash/centrifugation cycles (+6 mL de-ionized water; 500 g; 15 minutes per cycle). Before the animal injections, the Au NPs@PEG-Mn 2+ were concentrated up to 140 mg mL À1 of Au and re-suspended in 154 mM NaCl through buffer exchange using centrifugal filters.
All animal experiments were performed according to the guidelines issued by the Animal Ethical Committees of Université Laval and CHU de Québec. Four (4) eleven-week-old CD-1 female mice (approximately 25 g) (Charles River, Montreal, Canada) were anesthetized with 1% isoflurane (induction chamber, then using a bed-integrated nose cone). The animals were cannulated in the caudal tail vein (30G, winged needle) and connected to a catheter (280 mm i.d. intramedic polyethylene tubing PE-10, 60 cm, total volume 60 mL) prewashed with heparin (25 units mL À1 ) in 0.9% NaCl solution (9 mg mL
À1
, Hospira, Montreal, CA). Animals were CT-scanned (same parameters as described in Section 4.12) before the contrast media was injected. Next, the catheter was connected to a glass syringe (Hamilton 1710-100 mL syringe) containing the CA. Mice were injected with Au NPs@PEG-Mn 2+ (6.8 AE 1.1 mg Au per mouse) in triplicate. After injection, the catheter was flushed with 100 mL of heparin/0.9% NaCl solution.
The animals were scanned approximately every six minutes for a period of 90 minutes, followed by euthanasia by CO 2 . The images were reconstructed and calibrated for the standard Hounsfield Unit (HU) scale with the Parallax Innovations Reconstruction tool (Ilderton, ON, Canada). For dynamic contrast enhancement analysis, 3D regions of interest (ROIs) were positioned over the abdominal aorta, inferior vena cava, liver, spleen, kidney and muscle. The average HU of each ROI was measured with Microview software (Parallax Innovations, Ilderton, ON, Canada). The contrast enhancement was calculated from the ratio between the average HU of each region after the injection at different time points, and the average HU in the same region before the injection.
Conclusions
PLAL was used to synthetize Au NPs with highly pure surfaces. This is an important advantage in the development of nanosized CT CAs, as it minimizes chemical surface contamination of these products that must be administered at concentrations typically higher than 1 g Au kg À1 to reach detection thresholds.
For the imaging studies, the surface of pure Au NPs was densely covered with PEG-SH, using a low ligand excess, and further functionalized with Mn-chelates to obtain a CA also suitable for MRI. Detailed characterization of Au NPs@PEG-Mn 2+ confirmed the production of colloids with (1) a surface composition only related with the ligands used for functionalization, (2) small sizes, (3) low polydispersity, and (4) stability in various media. The Au NPs@PEG-Mn 2+ enhanced the image contrast in both CT and MRI after intratumoral injection in CAM prostate cancer models, and showed stable and long-lasting vascular contrast enhancement in CT using mouse models. Therefore, PLAL proved to be an advantageous method for synthesizing Au NPs for use as CAs. The pure surface of PLAL-synthesized Au NPs bypasses concerns about the impact of chemical contaminants in vivo, and enables the use of lower amounts of ligands necessary for effective functionalization, a key step in the production of CAs with strong blood retention and multimodal imaging potential.
